abbreviatioNs CS = cavernous sinus; ER = endocrinological remission; GTR = gross-total resection; ICA = internal carotid artery. submitted May 22, 2014. accepted December 2, 2014. iNclude wheN citiNg Published online February 6, 2015; DOI: 10.3171/2014.12.JNS141083. disclosure The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper. obJect An important prognostic factor for the surgical outcome and recurrence of a pituitary adenoma is its invasiveness into parasellar tissue, particularly into the space of the cavernous sinus (CS). The aims of this study were to reevaluate the existing parasellar classifications using an endoscopic technique and to evaluate the clinical and radiological outcomes associated with each grade. methods The authors investigated 137 pituitary macroadenomas classified radiologically at least on one side as Grade 1 or higher (parasellar extension) and correlated the surgical findings using an endoscopic technique, with special reference to the invasiveness of the tumor into the CS. In each case, postoperative MRI was performed to evaluate the gross-total resection (GTR) rate and the rate of endocrinological remission (ER) in functioning adenomas. results The authors found a 16% rate of CS invasion during surgery for these macroadenomas. Adenomas radiologically classified as Grade 1 were found to be invasive in 1.5%, and the GTR/ER rate was 83%/88%. For Grade 2 adenomas, the rate of invasion was 9.9%, and the GTR/ER rate was 71%/60%. For Grade 3 adenomas, the rate of invasion was 37.9%, and the GTR/ER rate was 75%/33%. When the superior compartment of the CS (Grade 3A) was involved, the authors found a rate of invasion that was lower (p < 0.001) than that when the inferior compartment was involved (Grade 3B). The rate of invasion in Grade 3A adenomas was 26.5% with a GTR/ER rate of 85%/67%, whereas for Grade 3B adenomas, the rate of surgically observed invasion was 70.6% with a GTR/ER rate of 64%/0%. All of the Grade 4 adenomas were invasive, and the GTR/ER rate was 0%. A comparison of microscopic and endoscopic techniques revealed no difference in adenomas with Grade 1 or 4 parasellar extension. In Grade 2 adenomas, however, the CS was found by the endoscopic technique to be invaded in 9.9% and by microscopic evaluation to be invaded in 88% (p < 0.001); in Grade 3 adenomas, the difference was 37.9% versus 86%, respectively (p = 0.002). Grade 4 adenomas had a statistically significant lower rate of GTR than those of all the other grades. In case of ER only, Grade 1 adenomas had a statistically significant higher rate of remission than did Grade 3B and Grade 4 adenomas. coNclusioNs The proposed classification proved that with increasing grades, the likelihood of surgically observed invasion rises and the chance of GTR and ER decreases. The direct endoscopic view confirmed the low rate of invasion of Grade 1 adenomas but showed significantly lower rates of invasion in Grade 2 and 3 adenomas than those previously found using the microscopic technique. In cases in which the intracavernous internal carotid artery was encased (Grade 4), all the adenomas were invasive and the GTR/ER rate was 0%/0%. The authors suggest the addition of Grades 3A and 3B to distinguish the strikingly different outcomes of adenomas invading the superior CS compartments and those invading the inferior CS compartments.
T he chances of complete resection and endocrinological remission (ER) of pituitary adenomas are reported to depend on their growth rate, size, 8, 51 histological subtype, 3, 46 and invasiveness into the surrounding structures. Special attention has been drawn to the endosteum of the sellar floor, the rate of histological invasion into which has been reported to be as high as 46%-85%. 52, 62 Overt parasellar invasion into cavernous sinus (CS) structures is found intraoperatively in 6%-10% 1, 20 of cases and is the most important reason for incomplete resection and the decrease in cure rates from 78%-92% (in cases without parasellar invasion) to 20%-52%. 16, 20, 21, 24, 36, 39, 62, 64 Because of the close relationship of the internal carotid arteries (ICAs), histological specimens of the medial wall are not routinely available, 54, 65, 77 so surgical observations 59 and/or radiological signs of invasion 14 are still the most important methods of detection.
Previous studies on the prognosis of invasiveness defined by preoperative MRI based the true intraoperative status of invasiveness on observations through an operating microscope. 44 Because of the ease of application and its practical relevance, a classification proposed previously 44 has become a grading system for surgeons and radiologists. 13, 19, 26, 40, 41, 56, 67, 73 It is based on coronal sections of T1-weighted contrast-enhanced MRI scans, in which the circular cuts of the ICAs serve as easily detectable radiological landmarks for medial, center, and lateral tangents. 14 At the time that these studies were published, the microscopic technique was standard for transsphenoidal surgery, although drawbacks included a limited lateral view toward the medial wall and problems removing tumor tissue compressing or invading the compartments of the space of the CS and the ICA itself. The application of endoscopes in transsphenoidal surgery in the 1990s changed this situation, because the lenses provided a wider field of view. 11, 15, 36, 39, 60 This wider view enables the surgeon to inspect the medial wall of the CS directly and therefore to pass a more reliable judgment regarding parasellar invasiveness.
The aim of this study was to investigate direct endoscopic visualization of the medial wall of the CS to assess the invasiveness of pituitary adenomas into the CS space and reassess the established classification, which was originally based on observations from a microscopic view. 44 
methods
This study was approved by the ethical review committee at the Medical University of Vienna and was performed in accordance with the principles of the Declaration of Helsinki. 69 All data were culled from a prospectively acquired database of patients with sella turcica pathology who underwent surgery at the Medical University of Vienna Department of Neurosurgery.
We evaluated a consecutive series of 137 patients with pituitary macroadenomas with parasellar extension. All the surgeries were performed between 2003 and 2013 via a pure endoscopic transnasal transsphenoidal approach. Subsequent surgeries for pituitary adenomas and other pathologies inside the sella turcica were excluded from this study. For patient and tumor characteristics, see Table 1 .
Magnetic resonance images were acquired in each patient using standard 1.5-or 3.0-T scanners and included T1-weighted coronal slices with and without contrast enhancement preoperatively and postoperatively; T2-weighted images were added in most cases. Our MRI protocol also includes MR angiography as a part of preoperative navigation planning.
parasellar extension on mri (grading system)
To compare radiological characteristics of CS involvement with our surgical findings, we used a previously published grading system. 44 This grading system classifies the parasellar extension of pituitary adenomas on coronal MRI. Three lines connecting the cross-section of the intracavernous and supracavernous ICAs distinguish 4 grades of parasellar adenoma extension: a medial tangent, a line through the cross-sectional centers, and a lateral tangent (Fig. 1 ). Using this grading system, the parasellar extension of all 137 pituitary adenomas on either side into 274 CSs was retrospectively assessed by A.M., who was blinded to the results of the intraoperative findings. In each case, the parasellar extension was at least Grade 1 on one side, which means that the tumor's growth extended beyond the medial tangent.
surgical technique-observed invasion into the space of the cs
We usually start with the wider nasal cavity, which facilitates the approach to the ostium.
Depending on the size and the parasellar extension of the adenoma, a mononostril or binostril approach was taken. In each case with encasement of the ICA (Grade 4), the turbinate ipsilateral to the lesion was dissected, and a partial or complete ethmoidectomy was performed to reach the anterior ICA siphon knee adequately.
The sella was approached through the nasal cavity ipsilateral to the side of parasellar tumor extension of higher grade. We used endoscopic equipment with a 4-mm diameter, an 18-cm length, and 0-, 30-, and 45-degree optics (Hopkins optics; Karl Storz GmbH) with a cleaning system. This tool became an important component of this technique.
After opening the bony sellar floor, from one side of the CS to the other side, a quadrangular piece of basal sellar dura was routinely excised and sent for histological assessment of adenoma invasion. If the adenoma invaded the dura diffusely, bone and/or mucosal specimens from the dura itself for histological analysis are sometimes missing. Adenoma resection was commenced after broadly opening the sella floor. Depending on the size and consistency of the tumor, the center of the endosellar part was removed to develop an extracapsular dissection. Whenever possible, the suprasellar component was left unremoved until the parasellar tumor was resected. After tumor debulking, extracapsular dissection was continued with special attention to the parasellar tumor extension. 11 This is usually the time to apply 30-and/or 45-degree angled endoscopes and curved or angulated suction devices. Removal of the tumor from the CS space was performed with blunt curettes only. We avoided scissors and sharp instruments unless the ICA was clearly detected. Bleeding from the CS was controlled by hemostyptics and fibrin glue. In a close-up view, the integrity of the medial CS wall was assessed visually. Invasiveness of the adenoma tissue was judged by the performing neurosurgeons (E.K. and S.W.), who documented their impressions in the operating report.
If the medial wall was smooth and intact after tumor removal, we deemed invasion to be absent. If the medial wall was not detectable and trabeculae, intracavernous ligaments, or sympathetic nerve fibers were visible and surrounded by the tumor, we deemed invasion to be present. We also considered an invasion present if the adventitia of the intracavernous ICA was directly visible.
Only after inspection of the medial wall on both sides was the suprasellar tumor part dissected and removed.
Follow-up
Each patient in this study received postoperative MRI (at 1.5 or 3.0 T) with and without contrast enhancement. MRI, performed 3 months postoperatively, determined gross-total resection (GTR), and yearly follow-up was performed. We used the most recent consensus statements 5, 6, 25, 53 to define ER.
histologically observed invasiveness
We obtained basal sellar dura samples of the anterior sellar wall for histological examination. When explicit invasion was observed or suspected, we tried to obtain this part of the endosteum for histological examination. The reasons for not including the results of the remaining specimens were severe coagulation artifacts, fragments too small for a relevant decision to be made, and/or absent endosteum resulting from tumor invasion.
Pituitary adenoma tissue samples were taken not only for immunohistological staining but also for analysis of MIB-1, which is an antibody against Ki-67, a protein expressed in proliferating cells. 66 
statistical analysis
The radiologically determined grade of parasellar tumor extension according to preoperative MRI was evaluated with the reviewer blinded to the surgical results. The rate of tumor invasiveness was then calculated for each radiologically determined grade of parasellar extension. The data are presented as means and ranges for continuous variables and as frequencies for categorical variables.
For the comparison of our results from endoscopic assessments of invasiveness with our previous data from assessments with an operating microscope, 44 we used the chi-square test. For comparison of the intraoperative status of invasiveness and the cell-proliferation (MIB-1) index, the independent-samples t-test was used.
A p value of < 0.05 was considered significant. For statistical analyses, SPSS version 20.0 software (SPSS, Inc.) was used.
results parasellar extension on mri
On preoperative coronal MRI, the parasellar extension into 274 CSs was Grade 0 in 58 (21%), Grade 
endoscopic assessment of invasiveness into the cs space
A comparison with our previously published data (Table 2) derived from a microscopic assessment of invasiveness 44 revealed no differences in the invasiveness of Grade 0, 1, and 4 adenomas.
None of the Grade 0 and all of the Grade 4 adenomas were invasive according to intraoperative observations.
In Grades 2 and 3, however, direct endoscopic visualization of the medial CS structures revealed a lower incidence of invasiveness by endoscopic than by microscopic visualization (9.9% vs 88% for Grade 2 and 37.9% vs 86% for Grade 3, respectively). These differences were significant (p < 0.001 and p = 0.002, respectively).
Grade 3 adenomas that extended beyond the lateral tangent of the ICAs into the inferior CS compartment were significantly more commonly invasive than those that extended into the superior compartment (70.6% vs 26.5%, respectively; p < 0.001).
surgically observed invasiveness
In total, signs of invasion were observed in 44 (16.1%) of the 274 CSs. No adenomas with parasellar extension Grade 0 were found intraoperatively to be invasive. Adenomas with parasellar extension Grades 1, 2, and 3 were found to be invasive in 1.5%, 9.9%, and 37.9% of the cases, respectively. Grade 3B adenomas, which extended beyond the lateral tangent of the ICAs into the inferior CS compartment, were significantly more commonly invasive than those that extended into the superior compartment (termed Grade 3A adenomas) (70.6% vs 26.5%, respectively; p < 0.001).
In the analysis of the side of invasion, we found that the inferior compartment was affected more frequently than the superior compartment. Therefore, because of the significant difference, we decided to subdivide Grade 3 into Grade 3A (superior CS compartment) and Grade 3B (inferior CS compartment).
All adenomas with total encasement of the ICA (Grade 4) were confirmed intraoperatively to be invasive. In terms of the correlation between the dural and CS invasiveness of these macroadenomas, we did not find a statistically significant difference and therefore no correlation for the groups as a whole or for the different grades.
Follow-up
The MRI and endocrinological follow-up period ranged from 3 months to 2 years. GTR, as shown on postoperative MRI, was achieved in 83%, 71%, 85%, and 64% of Grade 1, 2, 3A, and 3B adenomas, respectively. All cases of parasellar extension Grade 4 showed tumor remnants on follow-up MRI. Residuals were usually found as expected in the most difficult-to-access space lateral to the intracavernous ICA. Endocrinological remission was achieved in 88%, 60%, 67%, 0%, and 0% of Grade 1, 2, 3A, 3B, and 4 adenomas, respectively. Grade 4 adenomas had a statistically significant lower rate of GTR than did all the other grades. In cases of ER, only Grade 1 adenomas had a statistically significant higher rate of remission than Grade 3B and Grade 4 adenomas (Table 3) .
histologically observed invasiveness
In 96 of 137 cases, we obtained samples of the basal sellar dura of the anterior sellar wall for histological examination. Histological signs of basal endosteum invasion were evaluated in 41 (42.7%) of the 96 cases studied.
The MIB-1 analysis of CS-invasive (MIB-1 mean 3.24) and -noninvasive (MIB-1 mean 2.17) adenomas revealed a strong tendency, but no statistically significant correlation, to higher MIB-1 in invasive cases (p = 0.075).
discussion invasiveness
Larger tumor size and growth are the prime causes for incomplete tumor resection and failed ER of pituitary adenomas. 16, 20, 21, 36, 39, 62, 64 In contrast to mere tumor extension with lateral displacement of CS structures, the term "invasiveness" is reserved for pituitary adenomas for which infiltrative growth into surrounding structures can be observed during surgery. This invasion by pituitary adenomas was described beautifully by Jefferson 35 in 1955, when he identified 14 cases of local spread/infiltration into the CS and the sphenoid sinus, most of which had histological signs of anaplastic and undifferentiated cells. Jefferson reported surgical observations first and then later radiological observations, which resulted in the first radiological classification of pituitary adenomas (based on plain radiographs of the sella turcica). 29, 31 Hardy and Vezina 30 distinguished noninvasive grades (enclosed) from invasive grades. Later, with CT scans, the suprasellar component was visible directly, which led to adoption of their classification (stages A-D). With coronal CT scans of the sella, the anatomy and pathology of the parasellar region came into focus. 7 The breakthrough for imaging the CS was MRI technology, which inspired surgeons in this field. 18, 44, 58, 61 In coronary sections of the sella, the adenomas and ICAs were easily detectable within the CS space. A radiological classification of the parasellar growth of adenomas had been proposed previously and applied widely. 13, 21, 27, 44, 45, 63, 78 In the higher grades of the classification scale, invasion of the CS space is observed more often and the cure rate decreases inversely.
The judgment of adenoma invasion into the CS space during microscopic transsphenoidal surgery had considerable drawbacks because of the limited area of visualization of the medial wall.
Our study was performed using an endoscopic technique, which made direct visual inspection of the complete medial CS wall possible. Improved illumination, high magnification, and direct close-up views "around the corner" using angled endoscopes offer significant advantages over microscopic transsphenoidal surgery for detecting adenoma invasion of the CS space. 9, 10, 12, 22, 27, 34, [36] [37] [38] 49, 57 For Grade 1 and 4 adenomas (with encasement of the ICA), there were no differences between microscopic and endoscopic judgments of invasiveness.
It is remarkable that we have succeeded in demonstrating a significantly lower rate of invasiveness in Grade 2 and 3 adenomas than in those in our original study. The analysis of Grade 3 adenomas revealed significant diversity within the grade. Therefore, the individual cases were further investigated. It became apparent that Grade 3 could be subclassified because of the tumors' extension into either the superior CS compartment or the inferior CS compartment. We therefore subdivided Grade 3 into Grades 3A and 3B. The growth of tumor tissue into the inferior compartment led significantly more often to an invasion of the medial wall of the CS. These results are in concordance with those in previous reports, especially in growth hormone-producing adenomas. 4, 28, 78 With each increasing grade, we found not only a higher rate of invasion but also lower rates of GTR and ER in the follow-up (Table 3) .
The histopathological assessment of adenoma invasion into the basal sellar dura adds an additional index for an overall picture of the biological behavior of these tumors. Histological invasiveness of dural structures has been reported to be as common as 46%-85% (42.7% in our present series). 52, 62 Despite the endoscopic technique, a direct biopsy of the connective tissue of the medial CS wall is not feasible in routine clinical practice because of the danger of injuring neurovascular structures. Resection of the medial wall should be performed by very experienced surgeons only. 50 The only direct sign of adenoma invasiveness on preoperative MRI is interruption of the medial CS wall. Using the hypothesis that high-field MR scanners can visualize such discontinuation, we were able to directly demonstrate adenoma invasiveness with high-resolution T2-weighted coronal MRI with high sensitivity and specificity. 70 In the clinical setting, however, high-field scanners have failed to routinely result in such high anatomical resolution, possibly because of the susceptibility to artifacts in the region of the skull base and a lack of dedicated imaging sequences. Therefore, to date, the preoperative assessment of CS invasion is still based on indirect radiological signs.
The medial wall of the CS was the focus of this study in cases without adenoma invasion. It is a shiny thin wall that, according to our experience with anatomical dissections, is a well-defined, dissectible membrane adjacent to the lateral part of the pituitary gland. This membrane is fragile but unfenestrated, contrary to reports from Yasuda et al. [74] [75] [76] Only the inferior hypophyseal artery and the pituitary veins pass through the medial CS wall. Therefore, holes in and/or disruptions of the medial wall of the CS observed during surgery are, according to our experience, results of tumor invasion (when the tumor is found within the space of the CS).
Because it provides direct visualization of the medial wall, the endoscopic technique is the best available method for distinguishing between invasion and compression. Histopathological analysis of the medial wall itself remains the gold standard of diagnosis, but routine biopsies seem to be too dangerous.
mib-1 index
Following the revision of the 2004 WHO classification, diagnostic criteria for an atypical adenoma include excessive p53 immunoreactivity, an MIB-1 proliferative index of > 3%, and increased mitotic activity. 17 We agree with the concept of atypical adenomas, higher proliferation rates, and invasive growth. We did not correlate our data with p53 expression, because it does not seem to be of pathogenetic significance in pituitary tumors. 23, 32, 33, 45, 48, 55, 63 Tumor proliferation markers, such as the Ki-67-targeted MIB-1 labeling index, were observed by others 47 and our group 42, 43, 68, 71, 72 to correlate with more aggressive biological pituitary adenoma behavior, such as an increased growth rate and invasive growth. These recent data support our previous results, although MIB-1 did not achieve significance between the grades, most likely because all of the included tumors were macroadenomas.
risk of surgery within the cs
Because of rupture of the ICAs and damage to cranial nerves III-VI, CS surgery had been avoided previously. Only after the pioneering works of Parkinson, 58 Dolenc, 18 and others has surgery of the CS (intradural or transcranial) become possible. Using the transsphenoidal route, the risk of ICA injury is currently reported to be 0.5%-1.6%. 2 Although we tried to remove as much tumor from the CS space as possible, we caused no ICA injuries during pure endoscopic surgery. We never used sharp instruments such as forceps, scissors, or sharp spoons and inflicted no lacerations on the major vessels or the ICAs. With these precautions, no higher morbidity or mortality rates were encountered. Furthermore, there was no excessive venous bleeding to force the surgeon to stop the surgery or to apply a blood replacement therapy, and no newly diagnosed cranial nerve deficits were observed postoperatively.
conclusions
Our study shows that at each higher grade, the likelihood of surgically observed adenoma invasion rises and the chance of GTR/ER decreases. Direct endoscopic visualization is the crucial difference that provides a decisive advantage over the microscopic technique. The direct endoscopic view confirmed a low rate of invasion in Grade 1 adenomas and showed significantly lower rates of invasion in Grades 2 and 3 than previously found using the microscopic technique. In cases in which the intracavernous ICA was total encased (Grade 4), all the adenomas were invasive, and the GTR/ER rate was 0%/0%. We suggest adding Grades 3A and 3B to the existing parasellar classification to distinguish the strikingly different outcomes of adenomas invading the superior CS compartments and those invading the inferior CS compartments.
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